Local ion temperature is measured directly in the well-characterized reconnection layer of a laboratory plasma. These measurements demonstrate definitively that ions are heated due to reconnection and that more than half of the reconnected field energy is converted to ion kinetic energy. Neither classical Ohmic dissipation nor thermalization of energetic flows is sufficent to account for the energy converted, suggesting the importance of non-classical dissipation mechanisms such as wave-particle interactions.
Magnetic reconnection [1, 2] has been invoked often to explain the acceleration and heating of plasma particles. Solar observations suggest that hard X-rays from solar flares are produced by reconnection [3] , and it has been proposed that the million degree corona is heated by turbulent reconnection [4] . In the Earth's magnetosphere, reconnection is believed to occur in the day-side magnetopause and in the magnetotail, where charged particles can be accelerated along field lines toward the polar regions, giving rise to the aurora [5] . In laboratory plasmas such as reverse-field pinches, enhanced ion heating has been seen to correlate with magnetic fluctuations associated with reconnection and dynamo activity [6] .
In all these environments, however, it has not yet been possible to measure the complete reconnection magnetic field topology together with the detailed spatial and temporal characteristics of any resultant particle energization. Therefore, a rigorous demonstration of both these aspects simultaneously, which is the subject of this research, would have important implications.
Laboratory experiments have made important contributions toward understanding reconnection. In the pioneering UCLA experiments, ion acceleration, possibly reduced by wave turbulence [7] , and electron heating [8] were observed. However, ion heating could not be addressed because these experiments were in the "electron MHD" regime in which ρ i L. In TS-3 at the University of Tokyo, toroidal Alfvénic flows were believed to be accelerated by a "slingshot effect" of reconnected field lines, and global ion heating was attributed to thermalization of the sheared Alfvénic flows [9] . In SSX (Swarthmore Spheromak Experiment), Alfvénic ion jets correlated with reconnection were reported based on measurements of ion flux at the vacuum wall [10] . In both TS-3 and SSX, reconnection occurs when two spheromaks collide at a substantial fraction of the Alfvén speed. Thus, effects such as compressional heating or conversion of the translational energy of the spheromaks could complicate the interpretation of any observed ion acceleration and/or heating. It should be noted that in TS-3 the majority ion temperature was not measured directly but instead inferred from chord-averaged spectroscopy of neutral and impurity ion line emission, and on SSX the interpretation of retarding grid energy analyzer (RGEA) ion flux measurements
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remains an open question due to the plasma potential being unknown [11] and the inherent ambiguity in fitting a single RGEA I-V characteristic to an ion distribution with both drift and thermal components.
In this work, ion heating during reconnection is studied in a controlled and wellcharacterized reconnection layer. Local ion temperature measurements are obtained rigorously using the novel, insertable Ion Dynamics Spectroscopy Probe (IDSP) [12] . resulting in null-helicity (co-helicity) reconnection. Reported results in this paper are from null-helicity experiments. Previously, the detailed structure of the reconnection layer was reported [14] , revealing Y-shaped and O-shaped diffusion regions in the null-helicity and cohelicity cases, respectively, and a neutral sheet thickness δ ∼ c/ω pi ∼ ρ i . The reconnection rate was found to be consistent with a generalized Sweet-Parker model [15, 16] in which effects of compressibility, downstream pressure, and enhanced non-classical resistivity are considered.
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All three components of B are measured using magnetic probe arrays, and electron density n e and temperature T e are measured using a triple Langmuir probe. Other important reconnection quantities are inferred from the direct measurements, including the poloidal
, plasma resistivity in the neutral layer reconnection. "Pull" reconnection is driven by allowing the PF current to ramp down after reaching its peak, which induces the requisite E θ in the plasma from t ≈ 250 → 280 µs. To omit reconnection, the PF circuit is shorted out (crowbarred) near peak current so that very little E θ is induced. The ions are heated by more than a factor of three when reconnection is driven and much less so when it is not driven, as shown in Fig. 3 . Error bars in the ordinate represent one standard deviation in an ensemble of T i measurements (5-10 discharges), and error bars in the abscissa represent the CCD gate opening. The initial T i ≈ 3-6 eV before t = 245 µs, common to both cases, is believed to result from dynamics of plasma formation.
In the second set of experiments, the IDSP was scanned in R with two CCD gate-opening times, t = 250 → 260 µs and t = 260 → 270 µs, revealing a spatial dependence in the relative increase of T i , namely that the heating occurred in the vicinity of the reconnection layer, as shown in Fig. 4 . The location of the reconnection layer is determined from the measured profile of the reconnecting field B Z (R) (averaged over the same discharges), also shown in Fig. 4 . The measured temporal and spatial characteristics of T i clearly demonstrate the cause and effect of reconnection and ion heating.
In classical MHD models of reconnection [1, 2] , ions could be heated either in the layer of magnetic field energy density, and the second term is the power dissipation per unit volume due to reconnection. In a steady-state situation, which is well approximated in MRX,
is balanced by the Poynting flux. Therefore the total field energy released due to reconnection W rec from t 1 = 245 µs → t 2 = 265 µs in volume V (the area A revolved around the axis of symmetry) can be calculated easily:
the discharge conditions pertaining to Figs. 3 and 4. Easily more than half of this energy (> 3 J) is converted to ion kinetic energy W ions , which includes (1) an increase in ion thermal To summarize, local ion heating due to reconnection has been demonstrated definitively using the novel IDSP diagnostic. This is a significant result because it has implications for many solar and space physics phenomena in which reconnection is invoked heuristically to explain the presence of energetic particles. It is estimated that more than half of the reconnected field energy is converted to ion kinetic energy in MRX. The ion heating is attributed to non-classical dissipation mechanisms because thermalization of the measured sub-Alfvénic ion outflow and the energy available from classical Ohmic dissipation are both insufficient to account for the observed energy conversion to ions. The ion heating characteristics suggest that non-classical mechanisms such as wave-particle interactions could play an important 7 role not only in determining the reconnection rate but also in heating the ions.
In many aspects, the reconnection scenario presented here is fundamentally different from classical MHD reconnection models, which feature Ohmic heating and Alfvénic jets.
It is worth noting that the present "quiet-heating" scenario with no energetic flows, which would be difficult to detect in the solar corona, could play a role in coronal heating. It is also worth noting that the absence of Alfvénic flows in MRX is understood to be a consequence of the high downstream pressure, suggesting that global boundary conditions should in general affect local reconnection dynamics. Theoretically, it is possible for current-driven instabilities to produce the observed effects presented in this paper, and experimentally, efforts are underway to measure fluctuations in hopes of identifying candidate modes. A laser-induced fluorescence system under development will allow further studies of ion heating, including non-isotropic effects, with much improved space and time resolution. 
